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ABSTRACT

Lidar measurements obtained during the Surface Heat Budget of the Arctic Ocean (SHEBA)

experiment under a mixed-phase stratus cloud that was lightly precipitating ice show a range

of surprisingly low depolarization ratios (4–23%), despite an absence of cloud droplets. These

depolarization ratios are much lower than the range of theoretical values obtained for various

ice habits. The depolarization ratios correlate well with radar reflectivity, suggesting that

the variation in depolarization ratios results from variations in ice water content, rather

than variation in ice habits or orientation. By calculating lidar depolarization based on

(i) large-eddy simulations and (ii) in situ ice size distribution measurements, we show that

the presence of humidified aerosol particles in addition to the ice precipitation can explain

the distribution of the observed depolarization ratios, although uncertainties related to the

aerosol size distributions are substantial. These calculations show that humidified aerosol

must be taken into account when interpreting lidar depolarization measurements for cloud

and precipitation phase discrimination or ice habit classification, at least under conditions

similar to those observed during SHEBA.

1. Introduction

Lidar measurements can provide a wealth of information about macro- and microphysical

properties of aerosols and clouds (Weitkamp 2005). In particular, lidars that emit circularly

or linearly polarized light and measure the depolarization of the returned signal have proven

to be very useful in the study of clouds. For instance, lidar depolarization measurements can

be used to study and classify ice crystals in clouds and precipitation, since depolarization
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properties depend on microphysical properties of the ice crystals such as habit, aspect ratio

and crystal orientation (Noel et al. 2002; Del Guasta et al. 2006; You et al. 2006). Depo-

larization measurements can also be used to distinguish ice from liquid particles since light

scattered from non-spherical ice particles is depolarized whereas light scattered from spher-

ical drops is not (Shupe et al. 2005; de Boer et al. 2011). Generally, linear depolarization

ratios below about 10–15% are considered to indicate liquid, while higher depolarizations

point to the presence of ice crystals (Sassen et al. 1992; Intrieri et al. 2002). Some more ad-

vanced schemes use other measurements in addition to lidar depolarization to classify cloud

phase, such as lidar backscatter coefficients, radar reflectivity and Doppler velocity, but lidar

depolarization serves as a critical parameter in these schemes (Shupe et al. 2005; Shupe 2007;

Bourdages et al. 2009). In mixed-phase conditions, depolarization ratio measurements also

can provide information about the relative concentrations of non-spherical ice and liquid

drops (van Diedenhoven et al. 2009; Bourdages et al. 2009). For example, van Diedenhoven

et al. (2009) evaluated simulations of a mixed-phase stratocumulus cloud observed during

the Mixed-phase Arctic Cloud Experiment (M-PACE) by comparing simulated and observed

distributions of lidar backscatter, radar reflectivity and radar Doppler velocity, in addition

to distributions of circular depolarization ratios below cloud, measured to be between 0 and

200% (corresponding to linear depolarizations from 0% to ∼50% (Mishchenko and Hove-

nier 1995)). Only simulations with sufficiently rapid glaciation of mixed-phase precipitation

(drizzle and ice) below cloud base were found to reproduce all radar and lidar metrics, in-

cluding lidar depolarization. However, the impact of aerosol on depolarization was neglected

in that study.

In this paper, we focus on linear depolarization measurements by the Depolarization and
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Backscatter Unattended Lidar (DABUL) under a mixed-phase stratus cloud observed during

Surface Heat Budget of the Arctic Ocean (SHEBA) experiment (Uttal et al. 2002) over the

last 12 hours of 7 May, 1998 (Zuidema et al. 2005). Figure 1 shows a time series of the mea-

sured lidar depolarization below cloud base. Measurements show linear depolarization ratios

below cloud base ranging from 4 to 23%. Statistics presented by Intrieri et al. (2002) show

that such low depolarization values were very commonly measured at low altitudes during

the SHEBA campaign. These depolarization ratios are below the range of theoretical values

associated with different ice habits, which typically vary from 25–70% (Sassen et al. 1992;

Del Guasta et al. 2006; You et al. 2006), and are often below the limit of 10–15% assumed to

indicate liquid cloud particles. Furthermore, Fig. 1 shows that the depolarization ratios cor-

relate well with the radar reflectivities under cloud measured by the Millimeter Cloud Radar

(MMCR; Moran et al. 1998), with a correlation coefficient of 0.77. Considering radar reflec-

tivity as a proxy for ice water content (Shupe et al. 2005), this correlation strongly suggests

that changes in depolarization are associated with changes in ice water contents, rather than

ice habit or aspect ratio variations or variations in ice orientation. However, as the observed

cloud during SHEBA has a relatively low liquid water path and high droplet concentration,

no liquid droplets are expected below cloud base (Comstock et al. 2004; Zuidema et al. 2005)

to explain the low depolarization values in the regions with low ice concentrations. Also,

in contrast to the M-PACE case study, no liquid precipitation was observed in CPI images

taken below cloud base (Zuidema et al. 2005). As hypothesized by Zuidema et al. (2005),

these low depolarization values hint at the presence of humidified aerosol under cloud base.

It was noted previously by Sassen et al. (1992) that the depolarization in the snowfall region

below cloud base could be appreciably influenced by growing haze particles. In this study we
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use calculations of depolarization ratios based on large-eddy simulations (LES) and in situ

measurements to show that these low lidar depolarization ratios indeed can be explained

by the presence of humidified aerosol particles amid ice precipitation, and that humidified

aerosol should be considered when interpreting lidar depolarization measurements for cloud

and precipitation phase discrimination and ice habit classification.

After describing the data in section 2 and simulations in section 3, we present results in

section 4 and conclusions in section 5.

2. Measurements

As part of the SHEBA campaign, the DABUL lidar was deployed on an icebreaker

ship frozen into the winter ice pack of the Beaufort Sea (Intrieri et al. 2002). DABUL

operates at 532 µm and transmits linearly polarized light, which enables the measurement

of depolarization ratios with a vertical resolution of 30 m and a temporal resolution of

10 seconds. The field-of-view of the DABUL measurements used here is 100 µrad. Although

DABUL was not well calibrated during SHEBA, calibration errors are expected to largely

cancel out for the depolarization ratios. The lidar was tilted 5◦ off zenith to avoid specular

reflection from oriented plates that result in near zero depolarization values (Intrieri et al.

2002).

The observed cloud base was steady around 280 m throughout the last 12 hours UTC of

May 7th, 1998, while cloud top height gradually fell from about 600 m at midday to around

400 m at the end of the day (Shupe et al. 2006; Fridlind et al. 2011). Cloud temperatures

were roughly in the range of -16◦ to -20◦ C.
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Unfortunately no aerosol size or composition measurements are available for SHEBA. Fol-

lowing Morrison et al. (2011), here we base the dry aerosol size distributions on those derived

from measurements during M-PACE with the total concentration in the fine mode increased

to reflect the more polluted conditions during SHEBA. Figure 2 shows particle concentrations

measured in the 5 smallest size bins of the Met One Handheld Particle Counter (HHPC-6)

flown on an Aerosonde UAV on 10 October during M-PACE. Only HHPC-6 measurements

below cloud base with an ambient relative humidity (RH) below 70% are considered here,

since significant spurious high concentrations of particles in the largest bins are seen for

higher RH. (For example, the inter-quartile range (IQR) of concentration in the 2–5 µm

channel is 0.45 when all measurements are included and 0.09 when only measurements with

RH<70% are included.) A six-parameter bimodal log-normal size distribution (geometric

mean radius rm, geometric standard deviation σg, and total number concentration N in each

mode) was numerically fit through the median values of the HHPC-6 measurements (see

Fig. 2). The fit parameters are listed in Table 1. To reflect the more polluted conditions

during SHEBA relative to the M-PACE case, the number concentration in the fine mode

was increased to 350 cm−3, following Morrison et al. (2011). Figure 2 also includes the fit

presented by Morrison et al. (2008), which differs significantly from ours, primarily in the

coarse mode. This difference occurs mainly because Morrison et al. (2008) included HHPC-6

measurements at all RH and computed a fit through the mean values of the measurements

as opposed to median values (the populations- of counts within each channel are highly

skewed). Morrison et al. (2008) focused their analysis on characterization of the fine mode,

which is most important for constraining droplet activation, while characterization of the

coarse mode is more important for lidar depolarization calculations since total scattering
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cross section is dominated by the coarse mode.

However, there is a substantial uncertainty associated with the derived aerosol size distri-

butions. For example, the integrated cross-sectional area of possible fits through the IQR of

the measurements in the 5 bins spans more than a factor of 150. Furthermore, the increase

of number concentration in the accumulation mode for characterization of more polluted

aerosol conditions during SHEBA is poorly constrained. Moreover, the SHEBA measure-

ments were obtained over frozen ice pack, while the airmass sampled during M-PACE came

from open ocean, probably leading to an increased coarse mode from sea salt. To account

for the expected absence of sea salt for the SHEBA conditions, we also include lidar depolar-

ization calculations based on the aerosol parameters with a decreased number concentration

in the coarse mode.

In addition to lidar depolarization calculations based on LES, we also present lidar cal-

culations based on in situ measured ice size distributions below cloud base. For this we use

measurements obtained under cloud base between 22:30 and 23:00 UTC by the Forward Scat-

tering Spectrometer Probe (FSSP; 0–53 µm maximum particle dimension) and 2-Dimensional

Cloud probe (2DC; >62.5 µm) mounted on the National Center for Atmospheric Research

C-130 aircraft (Zuidema et al. 2005; Fridlind et al. 2011). Such measurements are known to

suffer from ice crystal shattering on the probe tips, leading to a significant overestimation of

number concentration especially for ice particles with dimensions smaller than about 200 µm

(Korolev and Isaac 2005; Korolev et al. 2011). To consider this effect, we also calculate lidar

depolarization measurements based on the in situ size distribution in which crystals with

maximum dimensions larger than 200 µm have been removed.
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3. Simulations

The large-eddy simulations are made using the Distributed Hydrodynamic Aerosol-Radiation-

Modeling Application (DHARMA) code (Stevens et al. 2002; Ackerman et al. 2003; Fridlind

et al. 2011), which couples models of fluid dynamics, radiative transfer, and size-resolved,

mixed-phase cloud microphysics. The DHARMA simulations represent the cloud observed

in last two hours of the SHEBA case study. Three time slices output during the last hour

of the simulation are randomly sampled to obtain the same number of data points as in the

measurements (cf. van Diedenhoven et al. 2009). The simulations are described in detail

by Fridlind et al. (2011), and are based on the SHEBA modeling intercomparison study

(Morrison et al. 2011). In the present study, we use a simulation described by Fridlind

et al. (2011) that uses a prognostic approach to represent heterogeneous IN activation, thus

accounting for IN sources, sinks, and transport (Fridlind et al. 2007), and with IN concen-

tration increased by a factor of 30 relative to the IN measurements above cloud. We note

that it has often been found that measured IN concentrations are insufficient to explain ice

in mixed-phase clouds, although myriad uncertainties remain (Beard 1992; Fridlind et al.

2007; Morrison et al. 2008; Fan et al. 2009; van Diedenhoven et al. 2009). What is important

for the purposes of this study is that the simulation used here reproduces average measured

radar reflectivities and in situ measurements of ice crystal size distributions (D > 200 µm)

quite well (Fridlind et al. 2011).

Lidar depolarization measurements are calculated from the DHARMA model results as

described by van Diedenhoven et al. (2009), but for linearly rather than circularly polarized

light. Furthermore, humidified aerosol are also included in the lidar calculations in the
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present study. Humidified aerosol particles are assumed to be spherical and therefore non-

depolarizing. The scattering properties for humidified aerosol are calculated using Lorenz-

Mie theory (Weitkamp 2005). Scattering properties of the ice are calculated using the same

assumptions of projected area and aspect ratio as made in the DHARMA microphysics

treatment, which is described in detail by Fridlind et al. (2011). In brief, the relation between

projected area (Ap) and maximum dimension (D) corresponding to radiating assemblages of

plates (Mitchell 1996) is assumed (Ap = 0.2285 D1.88 in cgs units). Using the mass-dimension

relationships corresponding to this habit leads to the best agreement between measured

radar reflectivities and the corresponding simulated values based on in situ measured ice

size distributions; radiating assemblages of plates also agree well with CPI images obtained

during the size distribution measurements (Fridlind et al. 2011). The aspect ratios are

assumed to decrease linearly from 1.0 to 0.6 over a maximum dimension range of 5–120 µm,

and to remain constant for larger sizes (cf. Korolev and Isaac 2003).

The optical properties are calculated using geometric optics (Macke et al. 1996), assuming

the geometry of single, moderately roughened hexagonal plates with the projected areas and

aspect ratios defined above. The ice crystals are assumed to be randomly oriented. Single

hexagonal components of ice crystals have been shown to have similar optical properties as

assemblages or aggregates of such components (Um and McFarquhar 2009; van Diedenhoven

et al. 2011). Thus, the calculated optical properties are expected to represent the assumed

assemblages of plates well. Depolarization ratios from backscattering off the assumed plates

are about 40%, in agreement with values reported elsewhere (e.g., You et al. 2006; Noel et al.

2006; Yang and Fu 2009).

Size distributions of the humidified aerosol are derived from the dry aerosol by numeri-
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cally inverting the Köhler equation using the grid-scale relative humidities produced by the

DHARMA model, and assuming a constant total number concentration of aerosol below

cloud base, consistent with a well-mixed boundary-layer aerosol. The aerosol is assumed to

be ammonium bisulfate (Leck et al. 2002).

4. Results

Histograms of measured and simulated lidar depolarization under cloud base (60–120 m)

for the last 2 hours of the 7 May SHEBA case are shown in Fig. 3. Measured median

depolarization is 9.4%, with an inter-quartile range of 7.8%. As expected, when no aerosol is

included in the lidar simulations, calculated median depolarizations are much too high (42%).

Adding an aerosol as specified by the fit obtained in section 2, the calculated depolarization

values are too low with a median of 3.7% and an IQR of 2.5%. As discussed in section 2,

the fit of aerosol parameters is not based on measurements obtained during SHEBA but

rather is based on M-PACE measurements, and the concentrations of aerosol in the coarse

mode, presumably dominated by sea salt, is expected to be significantly lower during SHEBA

than during M-PACE. When we decrease the number concentration in the coarse mode by a

factor of 5, the calculated depolarization histogram matches quite well with the observations

as seen in Fig. 3, with a median value and IQR of 9.2% and 5.2%, respectively.

Figure 4 shows measured depolarization ratios (from 22:30–23:00 UTC) compared to

those calculated based on the in situ measured (rather than simulated) size distributions,

which are discussed in section 2. For this time span the measured median depolarization

is 10%, with an inter-quartile range of 7.9%, similar to the measurements over 22–24 UTC.
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When the aerosol distribution with an unscaled coarse mode is included in the lidar calcula-

tions, the simulated depolarization ratios compare favorably to the measurements. However,

as discussed in section 2, the measured concentration of small ice particles (D < 200 µm)

likely suffers from ice shattering artifacts. Removing all ice with D < 200 µm leads to

depolarization ratios that are too low, with a median of 3.9%. When in addition the aerosol

coarse mode number concentrations are decreased by a factor 5, the shape of the calculated

depolarization distribution as well as the median and IQR, 9.8% and 7.8%, respectively,

again compare favorably with the measurements, and are similar to those calculated using

the LES output. Aside, we note that removing ice crystals with maximum dimension smaller

than 200 µm in the depolarization calculations based on LES output has a neglegible effect

(not shown), since very few small ice crystals are found below cloud base in these simulations

(Fridlind et al. 2011).

These results show that the low lidar depolarization values can be explained by the

presence of ice precipitation and humidified aerosol under cloud base, and that aerosol effects

may not generally be negligible under similar conditions, as is often assumed (e.g., Intrieri

et al. 2002; van Diedenhoven et al. 2009; de Boer et al. 2011).

5. Conclusion

Measurements by the DABUL lidar below an Arctic stratocumulus layer during the

SHEBA campaign in the last 12 hours of May 7th, 1998 show a large range of surprisingly

low linear depolarization ratios (4–23%) below cloud base, despite a lack of liquid-phase

precipitation. Statistics obtained throughout the SHEBA campaign show that such low
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depolarization values are very common (Intrieri et al. 2002). Theoretical depolarization ratios

from a range of ice habits typically range from 25–70% (Sassen et al. 1992; Del Guasta et al.

2006; You et al. 2006). Furthermore, the measured depolarization ratios correlate well with

radar reflectivity, suggesting that the variation in depolarization ratios results from variations

in ice water content, rather than variation in ice habits or orientation. Using simulated lidar

measurements based on (i) LES with size-resolved microphysics and (ii) in situ ice size

distribution measurements, we investigate whether the presence of humidified aerosol can

explain the measured distribution of lidar depolarization ratios. Aerosol size distribution

measurements are not available for this SHEBA case study, so we follow Morrison et al.

(2011) and use aerosol characteristics measured during M-PACE with the total concentration

adjusted to reflect the polluted SHEBA conditions. We show that including this aerosol in

the lidar calculations leads to an underestimation of the simulated lidar depolarization not

only based on LES results but also on in situ ice size distributions with small ice crystals

(D < 200 µm) removed to account for ice shattering effects. Taking into account the fact

that SHEBA measurements were obtained above a solid ice pack, while the aerosol size

distributions were from marine air sampled during M-PACE, the number concentrations in

the aerosol coarse mode were decreased by a factor of 5. With the scaled aerosol coarse mode,

the median and IQR of the measured lidar depolarization ratios are very well reproduced by

the calculations based on LES output as well as on in situ measured ice size distributions.

The uncertainties of the simulated lidar variables presented here are substantial, espe-

cially owing to uncertainties in the aerosol size distribution, but also because of limitations

of the assumed ice optical properties, LES model assumptions and in situ measured ice size

distributions. Nevertheless, these results show that humidified aerosols should be taken into
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account when interpreting lidar depolarization measurements for cloud and precipitation

phase discrimination or for ice habit classification, at least under conditions similar to those

observed during SHEBA. Proper aerosol size distribution measurements, and improved ice

size distribution measurements, expected to be available from future campaigns in the Arc-

tic, will likely allow to explain the depolarization ratios measured under conditions similar

to those explored here in a more comprehensive manner.
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Table 1. Parameters of the bimodal log-normal fit to aerosol measurements
parameter Accumulation mode Coarse mode
rm [µm] 0.048 0.64
σg 2.00 2.62
N [cm−3] 350∗ 0.9

∗Increased from 58 cm−3 to represent more polluted conditions during SHEBA.
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Fig. 1. 10-minute running means of MMCR radar reflectivity (black, left axis) and lidar
linear depolarization ratio (red, right axis) measured during SHEBA in the last 12 hours of
7 May, 1998, averaged below cloud base (140–240 m) of a stratus layer.
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Fig. 2. HHPC-6 aerosol size distribution measurements taken during M-PACE, and the
bimodal log-normal fit through median values (solid line). The dashed line shows the aerosol
distribution with the number concentration increased in accumulation mode to represent
polluted SHEBA conditions. The dotted line shows the fit of Morrison et al. (2008).
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Fig. 3. Histograms of measured lidar depolarization ratios over 22–24 UTC (yellow), and
those calculated based on the LES output, including no humidified aerosol (black), including
all humidified aerosol (blue) and including humidified aerosol with the number concentration
in the coarse mode decreased by a factor 5 (red).
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Fig. 4. Histograms of measured lidar depolarization ratios over 22:30–23:00 UTC (yellow) ,
and those calculated based on the in situ measured ice size distributions, when all humidified
aerosol and all ice is included (black), when all humidified aerosol and only large ice is in-
cluded (blue), and when only large ice and humidified aerosol with the number concentration
in the coarse mode decreased by a factor 5 is included (red).
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